The chipmunk hibernation-specific HP-27 gene is expressed specifically in the liver and has a CpG-poor promoter. To reveal how the liver-specific transcription of the HP-27 gene is regulated, we performed yeast one-hybrid screening of a chipmunk liver cDNA library. A 5 -flanking sequence of the HP-27 gene, extending from − 170 to − 140 and containing an E-box (5 -CACGTG-3 ), is essential for the liver-specific transcription of HP-27. We used this sequence as bait and found that a ubiquitously expressed transcription factor, USF (upstream stimulatory factor), bound to the E-box. In COS-7 cells, USF activated transcription from the HP-27 gene promoter. We then used bisulphite genomic sequencing to analyse the methylation status of the four CpG dinucleotides that lie in the 5 -flanking sequence of the HP-27 gene up to − 450, to investigate how the ubiquitously expressed USF activates transcription of the HP-27 gene only in the liver, while its transcription is repressed elsewhere. The only difference in methylation in the tissues tested was in the CpG dinucleotide in the USF-binding site, which was hypomethylated in the liver, but highly methylated in the kidney and heart. The specific methylation of the CpG dinucleotide at the USF-binding site impeded both the binding of USF and its transcriptional activation of the HP-27 gene. Chromatin immunoprecipitation using anti-USF antibodies revealed that USF bound to the HP-27 gene promoter in the liver, but not in the kidney or heart. Thus CpG methylation at the USF-binding site functions in establishing and maintaining tissue-specific transcription from the CpG-poor HP-27 gene promoter.
INTRODUCTION
Mammalian hibernation is a unique physiological adaptation that allows the sustainment of life at extremely low body temperatures. For most mammals that maintain a high steady body temperature throughout their adult lives, lowering the body temperature brings about the dysfunction of physiological systems, resulting in death. Only certain small mammals, primarily in the orders Rodentia, Insectivora and Chiroptera, can undergo hibernation, during which the body temperature falls to below 10 or even 5
• C [1] . Concomitantly, their heart and breathing rates also fall, and their metabolic rate is reduced to only a few percent of the euthermic level [2] , resulting in a considerable conservation of energy [3] . These hibernation-associated physiological changes are assumed to be under genetic control. Although there is accumulating evidence for differential expression during hibernation [4] [5] [6] [7] [8] [9] , the molecular mechanisms underlying hibernation remain to be revealed.
In the squirrel family, some species, such as the chipmunk (Tamias asiaticus) and 13-lined ground squirrel (Citellus tridecemlineatus), hibernate; other species, such as the tree squirrel (Callosciurus caniceps), do not. The chipmunk hibernation-specific protein HP-27 was identified as a component of a 140-kDa complex that decreases drastically in the blood during hibernation [10] . The complex contains four proteins: HP-20, -25, -27 and -55. Of these, HP-20, -25, and -27 are homologous with each other and contain collagen-like Gly-Xaa-Yaa repeats near the N-terminus [5, 10] . In the chipmunk and 13-lined ground squirrel, the HP-20, -25 and -27 genes are expressed specifically in the liver and are down-regulated during hibernation [5] . Although the tree squirrel genome also contains these genes, their expression is not detectable [5] . The chipmunk HP-20, -25 and -27 genes have well-conserved gene structures, and are thought to have arisen through gene duplication [11] [12] [13] . The liver-specific transcription of the chipmunk HP-20 and -25 genes is regulated by the liverenriched transcription factors HNF-1 (hepatocyte nuclear factor 1) and -4 respectively [11, 12] . In a previous study, we showed that the 170-bp 5 -flanking sequence of the chipmunk HP-27 gene contains the promoter for the liver-specific transcription, and that a transcription factor that binds to the region from − 170 to − 140 plays an important role in HP-27 gene transcription [13] , although the molecular mechanisms leading to the liver-specific transcription have not been elucidated.
In the present study, we isolated cDNA clones for a transcription factor that bound to the HP-27 gene sequence from − 170 to − 140 by yeast one-hybrid screening, and found that the ubiquitously expressed transcription factor USF (upstream stimulatory factor) bound to the E-box (5 -CACGTG-3 ) in this sequence and activated transcription of the HP-27 gene. These results prompted us to investigate the involvement of an epigenetic mechanism in the regulation of the tissue-specific transcription of the HP-27 gene. We found that CpG methylation at the USF-binding site in the HP-27 gene promoter was important for this liver-specific expression.
MATERIALS AND METHODS

Yeast one-hybrid screening
Six tandem copies of the HP-27 gene sequence from − 170 to − 140 were placed upstream of the minimal promoter in the pHISi vector (Clontech) to construct pHISi/CM27. pHISi/CM27 was linearized, and then yeast YM4271 (Clontech) was transformed with the construct. Next, the yeast strain harbouring pHISi/CM27 was transformed using the poly(ethylene glycol)/lithium acetate method with DNA from a chipmunk liver cDNA library [11] and plated on to medium lacking leucine and histidine. The library plasmids were rescued from the positive colonies and introduced into Escherichia coli HB101. The cDNA inserts were sequenced after they were subcloned into pBluescript.
EMSA (electrophoretic mobility-shift assay)
Mouse USF1, USF2a and USF2b were synthesized using an in vitro transcription/translation system (Promega). Nuclear extracts from chipmunk liver were prepared as described in [11] . Anti-USF1 and anti-USF2 antibodies were obtained from Santa Cruz Biotechnology. The following oligonucleotide was used as a probe: CM27G-170/-140, 5 -GGGTGCACACGTGACAGCCT-GGTGGAAAGTC-3 . A mutant oligonucleotide CM27G-170/-140mut, 5 -GGGTGCACACaTGACAGCCTGGTGGAAAGTC-3 , and a methylated oligonucleotide Me-CM27G-170/-140, 5 -GGGTGCACA me CGTGACAGCCTGGTGGAAAGTC-3 , were used as competitors. EMSAs and supershift assays were carried out as described in [11] .
Construction of luciferase reporter plasmids
The construction of pCM27G-140/luc and pCM27G-170/luc was as described previously [13] . To create BglII and SalI sites upstream of − 140 in pCM27G-140/luc, PCR was carried out using pCM27G-170/luc as the template with a primer complementary to the luciferase gene and the following primer: 5 -AGGAAGATG-TGGATGGGTCGACCCCTGTGGTTATGCAAGGGT-3 . The PCR product was digested with BglII and HindIII, and was then subcloned between the BglII and HindIII sites of pGV-B. This plasmid was digested with BglII and SalI, and ligated with the following double-stranded oligonucleotides to construct pCM27G-170 * /luc, Me-pCM27G-170 * /luc, and pCM27G-140 * / luc respectively: 5 -GATCGGGTGCACACGTGACAGCCTGG-TGGAAAGTC-3 and 5 -TCGAAGCTTTCCACCAGGCTGTC-ACGTGTGCACCC-3 ; 5 -GATCGGGTGCACA me CGTGACA-GCCTGGTGGAAAGTC-3 and 5 -TCGAAGCTTTCCACCA-GGCTGTCA me CGTGTGCACCC-3 ; 5 -GATCTGATCAGCCT-CGACTG-3 and 5 -AGCTCAGTCGAGGCTGATCA-3 . pGV-B * was constructed by subcloning the following double-stranded oligonucleotide between the BglII and HindIII sites of pGV-B: 5 -GATCTGATCAGCCTCGACTG-3 and 5 -TCGACAGTCG-AGGCTGATCA-3 . The ligation reaction products were phenolextracted, ethanol-precipitated and resuspended in TE (10 mM Tris/HCl and 1 mM EDTA, pH 8.0), and used for transfections without further manipulation.
Cell culture and transient transfection
HepG2 cells were obtained from RIKEN Bioresource Center, and grown in MEM (minimal essential medium) with 10 % (v/v) foetal calf serum. COS-7 cells were cultured as described previously [12] . HepG2 and COS-7 cells were transfected using FuGENE6 (Roche) as described previously [12] , and, after 24 h, luciferase activities were measured using the Dual Luciferase Reporter Assay System (Promega).
Immunoblotting
Tissue (25 mg) was suspended in 600 µl of cold NPB (10 mM Tris/HCl, pH 7.4, 2 mM MgCl 2 , 140 mM NaCl, 0.5 mM dithiothreitol and 0.5 mM PMSF) plus 0.1 % (v/v) Triton X-100 using a Dounce homogenizer, then layered over a 600 µl cushion of 50 % sucrose in NPB in a microfuge tube, and spun at 12 000 g for 10 min at 4
• C. The pelleted nuclei were resuspended in gel sample buffer (62 mM Tris/HCl, pH 6.8, 2 % SDS, 10 % glycerol, 3 % 2-mercaptoethanol and 0.04 % Bromophenol Blue), boiled and subjected to SDS/10 % PAGE and subsequent immunoblotting with antibodies against USF1 and USF2. Detection was performed using the SuperSignal detection system (Pierce).
Bisulphite sequencing
Genomic DNA was prepared using the GenElute Mammalian Genomic DNA Kit (Sigma). After being digested with XhoI, genomic DNA was subjected to sodium bisulphite treatment using the EZ DNA methylation Kit (Zymo Research). The DNA fragment containing the HP-27 gene promoter was amplified by PCR using the following primers: CM27-447(C/T)-F, 5 -AAG-GGAGTGGTTTTTATTTAAAATTTAGTG-3 ; CM27+ 100(C/ T)-R, 5 -CTCACCCATTTCTAACCATAAACCCTTACA-3 . The PCR products were cloned into pBluescript-KS+, and five clones were sequenced for each tissue.
ChIP (chromatin immunoprecipitation)
ChIP was performed according to the Farnham Laboratory's protocol (http://www.genomecenter.ucdavis.edu/farnham/protocols/ tissues.html) with minor modifications. Tissue (500 mg) was cut into small pieces, rinsed once with cold PBS and treated with 1 % (w/v) formaldehyde in PBS at room temperature (20
• C) for 10 min. The cross-linking reaction was stopped by adding glycine to a final concentration of 0.125 M. The tissue was recovered by centrifugation at 1000 g for 3 min at 4
• C, rinsed once with cold PBS and then homogenized in 8 ml of cold PBS using a Dounce homogenizer. The cells were recovered by centrifugation at 1000 g for 5 min at 4
• C, resuspended in 4 ml of cell lysis buffer (5 mM Pipes, pH 8.0, 85 mM KCl, 0.5 % Nonidet P40) plus protease inhibitors, homogenized using a Dounce homogenizer, and incubated on ice for 15 min. Nuclei were recovered by centrifugation at 3000 g for 5 min at 4
• C, and resuspended in 1 ml of nuclei lysis buffer (50 mM Tris/HCl, pH 8.1, 10 mM EDTA and 1 % SDS) plus protease inhibitors. After the addition of 0.4 mg of glass beads (Sigma G-1277), the samples were sonicated until the DNA fragments were 600-1000 bp long. The samples were spun at 3000 g for 1 min at 4
• C, and the supernatant was diluted sixfold with IP (immunoprecipitation) dilution buffer (0.01 % SDS, 1.1 % Triton X-100, 1.2 mM EDTA, 16.7 mM Tris/HCl, pH 8.1, and 167 mM NaCl) plus protease inhibitors. For pre-clearing, 300 µl of the diluted sample per antibody was mixed with 6 mg of BSA, 0.2 µg of normal rabbit IgG and 20 µl of salmon sperm DNA/Protein A-agarose suspension (Upstate), rotated for 60 min at 4
• C and spun at 13 000 g for 1 min at 4
• C. The supernatant was mixed with 0.5 µg of normal rabbit IgG or an antibody against USF1 or USF2, or no antibody was added, and rotated overnight at 4
• C. The samples were then mixed with 50 µl of salmon sperm DNA/Protein A-agarose suspension and rotated for 60 min at 4
• C. Immune complexes were collected by centrifugation at 2000 g for 1 min at 4
• C and the supernatant from the 'no antibody' sample was stored as the 'total input sample'. The pelleted immune complexes were washed with 1.2 ml of dialysis buffer (50 mM Tris/HCl, pH 8.0, 2 mM EDTA and 0.2 % Sarkosyl) twice, and then with 1.2 ml of IP wash buffer (100 mM Tris/HCl, pH 9.0, 500 mM LiCl, 1 % Nonidet P40 and 1 % deoxycholic acid) four times. Immune complexes were resuspended in 150 µl of IP elution buffer (50 mM NaHCO 3 and 1 % SDS), shaken on a vortex mixer for 15 min, and then centrifuged at 2000 g for 1 min at 20
• C. This elution step was repeated, and the eluted samples were combined. DNA-protein cross-links were reversed by incubation with 300 mM NaCl at 67
• C for 4 h for all samples, including the total input sample. The DNA was incubated further with proteinase K at 55
• C for 1 h, and was then purified using the GenElute Mammalian Genomic DNA Purification Kit (Sigma) according to the manufacturer's instructions. PCR was performed with the following set of primers: CM27-321F; 5 -AGTGTACAGTTGTTCTTTTGCTCAC-3 , CM27-19R; 5 -CTCTCCTAAGATCAATAGGTTGGCT-3 .
RESULTS
USF binds the HP-27 gene promoter and activates transcription
Promoter analysis of the HP-27 gene in human hepatoma HepG2 cells has revealed that the 5 -flanking sequence from − 170 to − 140 is important for its liver-specific transcription [13] . To identify the transcription factor that binds to this 5 -flanking sequence, we performed yeast one-hybrid screening of a chipmunk liver cDNA library using six tandem copies of this sequence as bait. All of the positive clones encoded chipmunk USF2. USF1 and USF2 are known to bind to the E-box sequence (5 -CACGTG-3 ), and the 5 -flanking sequence of the HP-27 gene has an E-box sequence from − 163 to − 158 (see Figure 1A) .
To test whether USF could bind specifically to the 5 -flanking sequence of the HP-27 gene, EMSAs were carried out using in vitro translated mouse USF1, USF2a and USF2b, and a doublestranded oligonucleotide, CM27G-170/-140, containing the 5 -flanking sequence of the HP-27 gene from − 170 to − 140. Each USF formed a complex with CM27G-170/-140 ( Figure 1B , and see Figure 5 ). In the tree squirrel, the HP-27 gene is not expressed [5] , and has several base substitutions in the promoter region, including one at − 160 in the E-box [13] . The tree squirrel-type base substitution at − 160 decreased the promoter activity of a promoter-reporter plasmid pCM27G-170/luc, which carries the chipmunk HP-27 gene sequence from − 170 to + 89 upstream of the firefly luciferase gene by 50 % [13] . We therefore performed EMSAs using CM27G-170/-140 and CM27G-170/-140mut, which had the tree squirrel-type base substitution at − 160 within the E-box, as competitors ( Figure 1B) . The complex formation between USF and CM27G-170/-140 was competed by unlabelled CM27G-170/-140, but not by CM27G-170/-140mut. A similarly shifted band was observed when CM27G-170/-140 was incubated with chipmunk liver nuclear extracts, and this complex was supershifted by the addition of anti-USF1 or anti-USF2 antibodies ( Figure 1C) .
We then tested whether USF could activate transcription from the HP-27 gene promoter using the promoter-reporter plasmid pCM27G-170/luc. Upon the co-transfection of COS-7 cells with the mammalian expression constructs for mouse USF1, USF2a or USF2b, the luciferase activity of pCM27G-170/luc increased in a dose-dependent manner (Figure 2 ). These results indicate that USF binds to the 5 -flanking sequence of the HP-27 gene, and activates transcription from it.
Tissue-specific CpG methylation at the USF-binding site USF is a ubiquitously expressed transcription factor [14] , and therefore it is not likely to account for the liver-specific expression of the HP-27 gene. In fact, pCM27G-170/luc showed significantly higher activity than a promoterless luciferase expression vector, pGV-B, in monkey kidney-derived COS-7 cells (see Figure 2) , implying that the transcription of the HP-27 gene could be activated by USF even in non-hepatic cells. We therefore tested whether there was liver-specific expression of USF in the chipmunk. However, a Western blot analysis of nuclear extracts from the chipmunk liver, kidney, heart and lung with anti-USF1 or anti-USF2 antibodies revealed the presence of USF1 and USF2 in all the tissues examined ( Figure 3A ). In addition, the amounts of USF1 and USF2 in the liver were similar between non-hibernating and hibernating chipmunks ( Figure 3B) .
The USF-binding site in the HP-27 gene promoter has a CpG dinucleotide, a potential target for DNA methylation in mammals. Some mammalian genes exhibit an inverse correlation between the extent of DNA methylation and gene activity [15] [16] [17] [18] . To determine whether CpG methylation in the USF-binding site correlated with the liver-specific expression of the HP-27 gene, we COS-7 cells were transfected with an HP-27 gene promoter-reporter plasmid, pCM27G-170/luc (white bars), or a promoterless reporter plasmid, pGV-B (black bars), together with a Renilla luciferase plasmid, pRL-SV40, which served as a control for transfection efficiency. The indicated amounts of the mammalian expression construct for mouse USF1, USF2a or USF2b were also added to the transfection mixture. The firefly luciferase activity was normalized to the Renilla luciferase activity, and the data are shown as the fold increase over the luciferase activity of pCM27G-170/luc plus pcDNA3/mUSF1 (25 ng). Results are means + − S.E.M. for four separate experiments.
Figure 3 Western blot analysis of USF in chipmunk
(A) Ubiquitous expression of USF. Nuclear extracts from chipmunk liver (Li, lane 1), kidney (Ki, lane 2), heart (He, lane 3) and lung (Lu, lane 4) were subjected to immunoblotting. The filter was first probed with antibodies against USF1, and then reprobed with antibodies against USF2. Molecular-mass sizes are given in kDa. (B) Comparison of the amounts of USF in the liver between non-hibernating and hibernating chipmunks. Liver nuclear extracts from three individual non-hibernating active chipmunks (lanes 1-3) and three individual hibernating chipmunks (lanes 4-6) were subjected to immunoblotting as in (A). prepared chromosomal DNA from the liver, kidney and heart of five non-hibernating active chipmunks, and analysed the methylation status of the CpG dinucleotides using the bisulphite sequencing method (Figure 4 ). There are only four CpG dinucleotides in the 5 -flanking sequence up to − 450 ( Figure 1A) , and the HP-27 gene promoter is categorized as a CpG-poor promoter. Although there were no major differences among the tissues in the methylation status of the three CpG dinucleotides at − 402, − 346 and − 327, the CpG dinucleotide within the USF-binding site at − 161 was hypomethylated in the liver and highly methylated in the kidney and heart, revealing that the methylation status of the CpG dinucleotide at − 161 reflected the tissue-specificity of the HP-27 gene expression. Since the HP-27 gene expression is down-regulated during hibernation [5] , we also prepared chro- mosomal DNA from the liver and kidney of hibernating chipmunks and analysed the methylation status. Similar to the tissues from non-hibernating animals, the CpG dinucleotide at − 161 was hypomethylated in the liver and highly methylated in the kidney, indicating that the CpG methylation at − 161 is not involved in the hibernation-associated regulation of the HP-27 gene.
CpG methylation at the USF-binding site inhibits the binding of USF
To investigate whether CpG methylation at the USF-binding site affected the binding of USF, we performed EMSAs using the double-stranded oligonucleotide probe CM27G-170/-140 and its methylated form Me-CM27G-170/-140, in which the cytosine residues in the CpG dinucleotides on both strands were methylated ( Figure 5 ). Incubation of in vitro translated USF1, USF2a or USF2b with CM27G-170/-140 resulted in the formation of a protein-DNA complex. This complex was competed by the addition of a 100-fold excess of unlabelled CM27G-170/-140. However, the addition of a 100-fold excess of unlabelled Me-CM27G-170/-140 did not affect the complex formation. These results suggested that CpG methylation at the USF-binding site impedes the binding of USF.
We also evaluated the effect of CpG methylation at the USFbinding site on USF-mediated transcriptional activation using promoter assays. Since the full CpG methylation of promoter-reporter plasmids by SssI methylase abolished the luciferase expression (results not shown), to address this issue, three promoter-reporter plasmids, pCM27G-170 * /luc, Me-pCM27G-170 * /luc and pCM27G-140 * /luc, were constructed by ligating a double-stranded oligonucleotide containing the HP-27 gene sequence from − 170 to − 140, its CpG-methylated form, or an irrelevant double-stranded oligonucleotide into pCM27G-140/ luc upstream of − 140, and the ligation mixtures were used for transfection after being purified by phenol extraction and ethanol precipitation [19, 20] . As shown in Figure 6 , the activity of Me-pCM27G-170 * /luc was 50 % lower than that of pCM27G-170 * /luc, and was comparable with that of pCM27G-140 * /luc in HepG2 cells. Furthermore, USF2a did not activate the transcription of Me-pCM27G-170 * /luc as efficiently as it did that of pCM27G-170 * /luc, and similar results were obtained with USF1 and USF2b (results not shown). These results indicated that the CpG methylation impedes the USF-mediated transcriptional activation.
To explore whether CpG methylation within the USF-binding site interfered with the binding of USF in vivo, we carried out ChIP assays using chipmunk liver, kidney and heart, and anti-USF1 and anti-USF2 antibodies. The presence of the HP-27 gene promoter in the chromatin immunoprecipitates was analysed by PCR using a specific pair of primers spanning the USF-binding site in the HP-27 gene promoter. The data in Figure 7 provide evidence for the occupancy by USF-1 and USF-2 of the HP-27 gene promoter in the liver, but not in the kidney and heart.
DISCUSSION
The chipmunk hibernation-specific HP-20, -25 and -27 genes are expressed specifically in the liver [5] . These genes have well-con- ChIP was performed with chromatin from the chipmunk liver, kidney and heart using anti-USF1 and anti-USF2 antibodies, normal rabbit IgG or no antibody (no Ab). Following DNA purification, the samples were analysed by PCR using a primer set specific for the HP-27 gene promoter. A portion of the total input sample was also examined by PCR.
served gene structures, and are considered to have arisen through gene duplication [11] [12] [13] . In the present study, we found that, in contrast with the HP-20 and -25 genes, whose liver-specific transcription is regulated by the liver-enriched transcription factors HNF-1 and -4 respectively [11, 12] , the transcription of the HP-27 gene in the liver is activated by the ubiquitous transcription factor USF, which binds to the E-box sequence (5 -CACGTG-3 ) in the HP-27 gene promoter. This finding led us to investigate whether DNA methylation was involved in the mechanisms underlying the silencing of the HP-27 gene in non-expressing tissues. In the present study, we showed that: (i) the CpG dinucleotide at the USFbinding site is hypomethylated in the liver, and the methylation status is inversely correlated with expression of HP-27 among tissues; (ii) specific methylation of the CpG dinucleotide at the USF-binding site impedes both the binding of USF and its transcriptional activation; and (iii) USF binds to the HP-27 gene promoter in the liver, but not in non-expressing tissues. These results indicate that HP-27 gene transcription is activated by the ubiquitously expressed transcription factor USF in the liver, and that, in other non-expressing tissues, CpG methylation at the USFbinding site in the HP-27 gene promoter inhibits the binding of USF, resulting in the repression of HP-27 gene expression.
These results also indicate that a base substitution at − 160 in the USF-binding site is likely to be involved in the lack of HP-27 gene expression in the tree squirrel. This tree squirrel-type base substitution impeded the binding of USF ( Figure 1B ) and reduced the promoter activity [13] . Although both the hibernating and nonhibernating species of the squirrel family have the HP-20, -25 and -27 genes, their expression is observed only in the hibernating species [5] . For the full promoter activity of the chipmunk HP-27 gene, the 170-bp 5 -flanking sequence is necessary, and the 69-bp 5 -flanking sequence still retains approx. 10 % of the promoter activity, which is activated by HNF-1 binding to the sequence from − 54 to − 40 [21] . The tree squirrel HP-27 gene has base substitutions in the HNF-1-binding site as well, which abolish the binding of and transactivation by HNF-1 [21] . Similarly, the tree squirrel HP-25 gene has a base substitution in the HNF-4-binding site, which is essential for the promoter activity of the chipmunk HP-25 gene [11] , and this mutation is the possible cause of the lack of HP-25 gene expression in the tree squirrel [22] . It is notable that the tree squirrel HP-25 and -27 genes have accumulated mutations in the transcription factor-binding sites that are essential for the transcription of the chipmunk HP-25 and -27 genes.
The methylation of genomic DNA at CpG dinucleotides is a major epigenetic modification of the mammalian genome [23] . It functions in several aspects of gene expression, such as genomic imprinting, X chromosome inactivation, immobilization of transposons and suppression of transcriptional noise [24] [25] [26] . CpG methylation is also believed to ensure the silencing of tissuespecific genes in non-expressing cells [15] . To date, most investigations of the role of DNA methylation have focused on CpG islands, which are stretches of DNA with a higher frequency of CpG dinucleotides than is found in the rest of the genome [27, 28] . In these situations, CpG methylation contributes generally to transcriptional suppression, either by blocking the binding of transcription factors to their CpG-containing binding sites [15] or by recruiting methyl-CpG-binding proteins, which in turn recruit chromatin-remodelling machinery to induce the formation of a repressive chromatin structure [29] . In contrast, with respect to CpG-poor promoters, the potential role for DNA methylation in tissue-specific gene expression is less well established [25, 30] . Although an inverse correlation between gene expression and promoter methylation has been observed for genes that have a CpGpoor promoter, such as the rat placental lactogen-I (rPL-I), prolactin and growth hormone family genes [31, 32] , it is still not clear whether the mechanisms whereby DNA methylation operates on genes with CpG-rich promoters are similar to those preventing the transcription of genes with CpG-poor promoters. The results in the present study provide an example in which CpG methylation in the CpG-poor HP-27 gene promoter is important for its tissue-specific transcription.
Cell-or tissue-specific gene expression is generally thought to be regulated by the interaction of basal and cell-or tissue-specific transcription factors with cis-acting promoter elements [33] . Alternatively, tissue-specific gene expression may be accomplished by the activation of transcription by ubiquitous transcription factors only in the expressing tissues. The existence of transcription factors such as c-Myb [34] , c-Myc/Myn [35] , E2F [19] , CREB (cAMP-response-element-binding protein) [36] , AP2 (activator protein 2) [37] and NF-κB (nuclear factor κB) [38] , which are incapable of binding to methylated forms of their recognition sequences, gives evidence of this mechanism. For some CpG island promoters, CpG methylation contributes to tissue-specific gene expression by blocking the binding of transcription factors [30, 39] . For example, methylation of a CpG dinucleotide within a STAT3 (signal transducer and activator of transcription 3)-binding site in the CpG-rich GFAP (glial fibrillary acidic protein) gene promoter is critical for astrocyte-specific GFAP expression [40] . Such a mechanism also works to regulate the tissue-specificity of HP-27 gene expression, which is established by CpG methylation that prevents the ubiquitous transcriptional factor USF from binding to the HP-27 gene promoter in non-expressing tissues.
To our knowledge, this is the first evidence that the tissuespecific expression of genes that have a CpG-poor promoter can be regulated by CpG methylation that blocks the binding of the critical transcription factor in non-expressing tissues. Since the overexpression of MeCP2 suppresses the promoter activity of the CpG-poor rPL-I gene [32] , it is of interest to investigate whether the regulation of higher-order chromatin structures by DNA methylation is involved in HP-27 gene silencing in nonexpressing tissues. Such information would give further insight into the role of CpG methylation in the tissue-specific expression of genes with a CpG-poor promoter.
